The ability of auxin to alter gene transcription in pea (Pisum sativum L.) stem tissues has been investigated by means of DNA/RNA hybridization-competition techniques. In order to obtain reproducible hybridization with total nueleic acid preparations from plants it was found necessary to remove interfering substances, probably polysaccharides; this was accomplished by methoxyethanol extraction and precipita. tion with cetyltrimethylammonium bromide. When purified in this fashion, plant nucleic acids could be made to form hybrids which showed both species specificity and high thermal stability.
species of RNA which were present at 24 hours were also present at 8 hours. Sections apparently lack a factor needed for the manifestation of the auxin effect on RNA synthesis.
Since the hybridization assay employed does not measure all cellular RNA, it is still possible that certain RNA species may be synthesized in sections in response to auxin. However, the auxin promotion of cell elongation in such sections is clearly not associated with changes in hybridizable RNA such as have been reported for several hormonal responses in animal systems.
One of the fundamental problems in developmental biology concerns the extent to which a given process depends on the release of new genetic information at the transcriptional level. At present, the only experimental technique permitting direct comparisons of base sequence information contained in RNA transcribed in vivo is DNA/RNA hybridization; in the work to be presented in this paper, hybridization techniques have been used to examine the possibility that auxin treatment of ' It is commonly accepted that incorporation of radioactive precursors into RNA may be stimulated by auxin and that continued RNA synthesis is essential for auxin-induced growth in a variety of systems (23, 39) . It has also been shown that auxin-induced growth may proceed in the presence of 5-FU,' which selectively inhibits ribosomal and soluble RNA synthesis (24) . This indicates that the RNA synthesis requirement for growth is not a general requirement for continued production of all classes of RNA and may in fact reflect a requirement for specific informational RNA molecules. It is still not clear, however, whether continued synthesis of already existing RNA species is sufficient to allow growth to occur.
Similarly, although actinomycin experiments suggest a requirement for RNA synthesis during the auxin-induced appearance of certain enzyme activities (15, 40) , it remains unclear whether the RNA species required are the same or different than pre-existing species. It is possible, for example, that regulation occurs at the level of translation; in this case, although continued RNA synthesis would still be essential for manifestation of the auxin effect, the transcription process might be unaffected by the hormone.
It has been reported that chromatin isolated from soybean hypocotyls treated with relatively high levels of exogenous auxin exhibits greater template activity for RNA synthesis than chromatin from untreated tissue (31) and that similar results may be obtained when auxin is added to certain chromatin preparations in the presence of appropriate accessory factors in vitro (28) . While these results support the idea that auixn may modify the transcription process, we know too little about mechanisms controlling RNA synthesis in such preparations to make unambiguous conclusions concerning transcription of new regions of the genome. The observed stimulations of in vitro RNA synthesis could result from increases in either the rate or the extent of RNA synthesis in one or more localized regions of the genome already capable of in vivo RNA synthesis rather than solely from increases in 4"available" template. Until more information is available concerning control of transcription in vivo and in vitro, it will be difficult to assess the relevance of in vitro experiments to the in vivo situation.
Thus there is a need for information based on examination of transcription patterns in vivo. In the present work, DNA/ Trewavas (38) . However, these experiments were carried out under conditions now known to produce hybrids of low specificity (29) . The present investigation was therefore designed to repeat and extend these experiments using more specific conditions of hybridization. (11) . In early experiments, their pH 9.5 procedure was followed without modification except that 1 % SDS was substituted for deoxycholate. The procedure was later modified by substituting tris buffer (0.1 M) at pH 7.4 and carrying out the extraction at room temperature. In addition, a preliminary homogenization at high speed (setting of "70" in the VirTis "45" homogenizer) in the presence of glass beads was found to increase yields of RNA from the stem tissues employed. No differences in the hybridization properties of the RNA were After initial ethanol precipitation, the crude RNA pellet was redissolved and precipitated once more with ethanol. It was then redissolved in 10 mM tris, pH 7.4; RNase-free DNase (Worthington DPFF) and MgCl2 were added to 50 jtg/ml and 10 mm, respectively; and the mixture was incubated for 0.5 hr at 37 C. Pronase (Calbiochem B grade, previously selfdigested 3 hr at 37 C to remove nucleases) was then added for 2 hr in the presence of 10 mm EDTA, after which the mixture was deproteinized with phenol and the RNA was precipitated with ethanol. The pellet was then redissolved and treated with methoxyethanol and cetyltrimethylammonium bromide according to the procedure of Ralph and Bellamy (34) Further purification involved selective precipitation of DNA with isopropanol (27) Figure 1 (right panel).
MATERIALS AND METHODS
The mean thermal dissociation temperature, or Tm, is directly related to the average percentage of base pairing achieved in the hybrids under consideration (29) and thus gives a more quantitative estimate of reaction specificity. In Figure 1 , the Tm is approximately 75 C; assuming the Tm of perfectly paired DNA/RNA duplexes to be 3 C below the Tm of native DNA (13) production of new species of RNA capable of hybrid formation under these conditions, but it might also be explained in other ways. For instance, the competitor RNA from the control sections may actually contain RNA species which were induced by endogenous auxin prior to excision of the section and which failed to decay during the 2-hr incubation period. However, when the incubation time in the absence of auxin was increased to 6 hr, in order to increase the chances that these RNA species would have disappeared, similar results were still obtained (Fig. 3) .
Another possibility is that species of RNA needed for growth form such a small proportion of the reference RNA that they cannot be detected. For enrichment of the RNA in these species, 5-FU was added to the labeling medium, since this antibiotic has been reported to suppress the synthesis of RNA not essential for auxin-induced growth (24) . Again, no differences due to auxin could be detected (Fig. 4) .
These results might also be explained by assuming that the growth-limiting RNA species remain stable in the absence of auxin and are utilized only during rapid cell elongation. This assumption would be consistent with both the extremely rapid initial growth response to auxin (1, 35) and the RNA synthesis requirement for continued auxin-induced growth (23, 32) . If a pool of such stable RNA exists in the absence of auxin, it would be expected to compete for hybridization sites in the same fashion as RNA from auxin-treated tissue, obscuring changes in the actual synthesis of these molecules.
To test this possibility, experiments such as that presented in Figure 5 were conducted. Figure 6 shows an experiment designed to test the effect of 100 jig/ml (0.57 mM) IAA or 50 ,ug/ml (0.23 mM) 2,4-D during a 6-hr treatment of excised stem sections. These conditions should result in induction of acyl aspartate conjugase activity (40), but no measurable effect on hybridizable RNA was detected. Experiments in which sections were treated for longer periods of time (24 hr) also failed to reveal any auxininduced differences in RNA species (Fig. 7) . Similar results were obtained with both simultaneous and "presaturation" competition techniques and with varying inputs of reference RNA.
C: In the case of intact plants, however, treatment with large doses of 2, 4-D resulted in definite changes in the RNA species of internode tissue. Tissue for unlabeled RNA was excised either 8 or 24 hr after spraying, and reference RNA was labeled as previously described using internode sections excised after 18 or 19 hr of treatment. Results similar to those presented in Figures 8 and 9 were obtained in several independent experiments. From the results presented in Figure 9 , it is clear that RNA from 2,4-D-treated tissue contains RNA species which are absent from untreated internodes. These species must continue to be synthesized between 18 and 24 hr after treatment, and therefore indicate a persistent alteration in the pattern of RNA synthesis resulting from auxin administration.
Many of these same species of RNA are also present at least as early as 8 hr, however, as shown in Figure 9 . Although the curves for 8-and 24-hr RNA appear different, with 8-hr RNA apparently containing fewer species than 24-hr RNA, experimental variation makes it difficult to determine this point with certainty. The possibility exists that all of the RNA species detectable as a result of 2,4-D treatment at 24 hr have already begun to accumulate by 8 hr. In any event, it is quite clear that a definite change in transcriptional activity has occurred by 8 which has not yet been applied at all extensively to higher plant systems. It is hoped that the methods outlined in this paper will permit satisfactory hybridization experiments to be carried out with a variety of higher plants and permit comparison of patterns of differential gene activity in plants with those already described for animal systems (e.g., Refs. 7 and 19).
Since plant material generally contains large amounts of polysaccharide and relatively low levels of nucleic acids, removal of polysaccharides is perhaps the major difficulty encountered in attempting to apply techniques developed with animal or bacterial cells to higher plant systems. The procedures used here are relatively simple and give quite satisfactory results, but other methods may be equally effective.
Chromatography on methylated albumin-kieselguhr or hydroxylapatite columns, for example, would probably be effective.
In any case, however, it is essential to establish reaction specificity by means of thermal dissociation experiments in order to evaluate the quality of hybrids produced by the nucleic acid preparations employed. Results of such experiments have not been presented for the few hybridization experiments with plant nucleic acids reported to date, except in the work of Bendich and McCarthy (2) on ribosomal RNA. The importance of thermal dissociation measurements in studies with higher organisms has been emphasized by Mc- Carthy and Church (29) . Under usual conditions of incubation, cross reactions between sequences of the partially redundant fraction of the genome may be expected (see below), with attendant mismatching of bases and loss of locus specificity. However, since this fraction of the genome is subject to rapid evolution (37) , cross reactions between nucleic acids of unrelated organisms may fail to occur even under reaction conditions permitting a substantial degree of mispairing. Therefore, the absence of such cross reactions cannot be taken as an adequate indication of specificity.
In the present experiments, hybrids formed under conditions equivalent to 67 C in 2 x SSC showed normal thermal dissociation profiles, with a Tn, of about 75 C. Mammalian DNA! RNA hybrids formed under similar conditions exhibit similar thermal stabilities (8, 30) , showing that properly prepared plant and animal nucleic acids can be hybridized with similar degrees of specificity.
Limitations of the Assay. Kinetic experiments on reassociation of denatured DNA from higher organisms (4) have demonstrated the existence of "families" of base sequences with various degrees of redundancy (partially redundant fraction) as well as sequences repeated only once per haploid genome (unique fraction). In DNA/RNA hybridization experiments, cross reactions may occur between molecules representing different members of a family of partially redundant sequences to an extent determined by the degree of mispairing which may be tolerated under the reaction conditions employed. Because the possibility of such cross reactions increases the effective concentration of these molecules, the partially redundant fraction of the genome will dominate hybridization reactions carried out at relatively low total nucleic acid concentration or relatively short times. Because of their lower effective concentration, unique sequences will not contribute measurably to hybridization observed under these conditions (4, 29) . To The practical consequence of these considerations is that changes in transcriptional activity may occur which will not be detected by hybridization. Such changes might involve only RNA molecules complementary to unique DNA, or, alternatively, certain transcriptional events may be obscured by cross reactions between partially redundant sequences. However, where differences in hybridization behavior can be demonstrated, they probably represent minimal estimates of actual differences in RNA species composition.
A further limitation arises from uncertainty concerning the cellular function of RNA species measured in the present assay. Recent experiments with animal cells (12) have indicated that a considerable portion of the mRNA isolated from polysomes can be made to form hybrid structures under conditions similar to those used here. However, significant hybridization can also be achieved with rapidly labeled nuclear RNA, much of which is restricted to the nucleus (7, 9, 12) . Changes in RNA species observed in the present experiments could therefore represent changes in cytoplasmic mRNA, nuclear mRNA precursors, or nucleus-restricted RNA molecules. The functional significance of nucleus-restricted RNA remains in doubt, although Britten and Davidson (3) have proposed that molecules in this class which are complementary to partially redundant regions of the genome (and would therefore be expected to hybridize under standard conditions) may be involved in the control of gene expression.
Auxin and Extension Growth in Excised Stem Sections.
When sections were treated with low concentrations of auxin under conditions in which cell elongation was stimulated, hybridization experiments revealed no differences between the RNA species present in auxin-treated and control tissues. Within limits of discrimination, therefore, these experiments indicate that growth promotion by auxin does not involve synthesis of hybridizable RNA species not also present in control tissues.
There are several ways in which this observation may be interpreted. Explanations include the possibility that auxin-induced RNA species may be complementary to nonredundant portions of the genome or simply that the resolving power of the present experiments is insufficient. Other explanations include the possibility that growth-limiting RNA is relatively stable in the absence of auxin or that it is synthesized constitutively in both treated and control tissues.
The first of these later two possibilities is supported by experiments (1, 32) in which pretreatment of pea stem sections with actinomycin for periods of up to 6 hr failed to prevent an initial growth response after addition of auxin. Thus it is possible that growth-limiting RNA remains stable in the absence of auxin-induced growth and that the relatively rapid inhibition observed when actinomycin is added to sections growing in auxin reflects utilization of this RNA in the growth process. Data to support the assumption that RNA synthesis is completely inhibited during the pretreatment experiments are missing, however, and the present hybridization experiments failed to show auxin-induced disappearance of hybridizable RNA species in the presence of actinomycin. Further experiments are therefore necessary before the concept of a stable pool of growth-limiting RNA is accepted or rejected. The It was initially assumed that incubation of stem sections in the presence of high levels of auxin would result in changes similar to those produced by 2,4-D in the hypocotyls of soybean seedlings (25, 31 
